Activation of microglia resulting in exacerbated inflammation expression plays an important role in degeneration of dopaminergic (DA) neurons in the pathogenesis of Parkinson's disease (PD). However, how this enhanced inflammation is induced in microglia remains largely unclear. Here, in the mouse PD model induced by 1-methyl-4-phenyl-1,2,3,6-tetra hydropyridine (MPTP), we found that miR-7116-5p in microglia has a crucial role in this inflammation. 1-methyl-4-phenylpyridinium
| I N TR ODU C TI ON
Parkinson's disease (PD) is a gradual degenerative disease characterized by a severe loss of dopaminergic neurons in the substantia nigra compacta (SNc) (Braak et al., 2003; Fearnley & Lees, 1991) . In addition to neurodegeneration, there is exacerbated inflammation expression in the brain of PD patients (McGeer, Itagaki, Boyes, & McGeer, 1988; Mogi et al., 1994a) . Use of ibuprofen, a compound known to inhibit inflammation, is associated with lowering PD risk (Gao, Chen, Schwarzschild, & Ascherio, 2011) , suggesting the importance of inflammation during pathogenesis of PD. Activated microglia plays an important role in the exacerbated inflammation expression of PD.
Increased activated microglia in the brain of PD patients is found and proinflammatory factors released from microglia greatly contribute to the progression of PD (Gerhard et al., 2006; Ouchi et al., 2005; Saijo et al., 2009; Wu et al., 2002) . However, the mechanism underlying induction of the enhanced inflammation by microglia is largely unclear.
Exposure to environmental toxins, for example, MPTP and its analogs, is associated with an increased risk of PD (Ballard, Tetrud, & Langston, 1985; Langston et al., 1999) . The MPTP is metabolized by monoamine oxidase B (MAO-B) in astrocytes into 1-methyl-4-phenylpyridinium (MPP 1 inhibits the oxidative phosphorylation in mitochondria to damage DA neurons (Blum et al., 2001) . Besides inhibition of the oxidative phosphorylation in mitochondria, a wealth of evidence uncovers the participation of inflammation resulting from microglial activation in loss of DA neurons during administration of MPTP (Barcia et al., 2004; Hirsch & Hunot, 2009; Kanaan, Kordower, & Collier, 2008; Langston et al., 1999; Liberatore et al., 1999) . In PD patients suffering from MPTP, there is a considerable microglial activation in substantia nigra (SN) (Langston et al., 1999) . Additionally, reactive microglia in SN could release proinflammatory and oxidative factors and further contribute to the damage of DA neurons in MPTP model (Liberatore et al., 1999; Main et al., 2016; Martin et al., 2016; Sriram et al., 2006; Wu et al., 2002) . Therefore, it is promising to clarify the process of microglial activation in pathological condition to reduce the inflammation response and delay the degeneration of DA neurons.
Although the activation of microglia by the factors released from stressed DA neurons has been widely investigated (Kim et al., 2007; Wang et al., 2006) , whether MPP 1 could directly affect microglial inflammatory responses remains unclear.
Among the proinflammatory factors released by microglia in inflammatory responses, TNF-a has a prominent role in neuroinflammation during the pathogenesis of PD. Post-mortem brains and the cerebrospinal fluid of PD patients display increased amounts of TNF-a and its receptors (Boka et al., 1994; Mogi et al., 1994b) . Additionally, a rare form of early-onset idiopathic PD has been associated with a single nucleotide polymorphism (SNP) in the TNF promoter, which predictably increases TNF-a expression (Nishimura et al., 2001) . The TNF-a production is also controlled by miRNAs at post-transcriptional level (Guan et al., 2015; Tili et al., 2007; Zhang, Dong, Li, Hong, & Wei, 2012) . Furthermore, in mouse MPTP model, the expression of dopamine and tyrosine hydroxylase (TH) was remarkably rescued by inhibition of TNF-a or ablation of its receptors (Ferger, Leng, Mura, Hengerer, & Feldon, 2004; Sriram et al., 2002) .
In this study, we aim to investigate whether MPP 1 can directly affect the expression of proinflammatory factors, especially TNF-a, in microglia in mouse MPTP model. We report now that MPP 1 could be uptaken by microglia through organic cation transporter 3 (OCT3, Slc22a3), and specifically increase the production of TNF-a by downregulating miR-7116-5p to promote the death of DA neurons.
| M A TE RI A L S A ND M E TH ODS

| Animals
All animal experiments were approved by the Institutional Animal 
| AAV delivery and TNF-a antibody infusions
To package the miR-7116 adeno-associated virus (AAV), the fragment containing pri-miR-7116 sequence (listed in Supporting Information, For TNF-a antibody infusions, the drug-delivery tubes were inserted into the lateral ventricles and fixed with a mixture of acrylic and dental cement. After 7-day recovery period, TNF-a antibody (2 lg, 1 lg/ll) was injected intracerebroventricularly at a rate of 0.2 ll/min.
The coordinates of the lateral ventricles are AP 20.3 mm, ML 61.0 mm, DV 22.2 mm from bregma.
| MPTP injection
Briefly, male wild-type mice, or CD11b-Cre mice delivered with LSL-GFP/LSL-GFP-mir-7116 AAV (8-10 weeks) were intraperitoneally injected with MPTP (20 mg/kg) every 2 hr for a total of four doses in 1 day.
| Immunofluorescence and image analysis
Anesthetized mice were perfused with 0.9% saline and 4% paraformaldehyde in 1 mM phosphate buffer (PB). The brains were incubated in 4% paraformaldehyde over night and then dehydrated in 30% sucrose for 48 hr. Frozen sections (30 lm) of the entire midbrain were prepared with a freezing microtome and then washed with phosphatebuffered saline (PBS) followed by incubation with 10% BSA and 0.5% Triton X-100 in PBS for 1 hr at room temperature. Primary antibodies (anti-tyrosine hydroxylase (TH) 1:1,000, anti-ionized calcium-binding adapter molecule 1 (Iba1) 1:500, anti-glial fibrillary acidic protein (GFAP) 1:1,000, anti-green fluorescent protein (GFP) 1:1,000) were then added, and incubated at 48C overnight. Next day, the brain sections were washed in PBS followed by incubation with secondary antibodies (1:1,000) conjugated with fluorophore at room temperature for 2-3 hr. Every fourth section of the entire slices was chosen for determination of the number of TH-positive cells in SN and analysis of the fluorescence intensity of Iba1 and GFAP. The TH-positive cells in SN were defined as reported previously (Sauer, Rosenblad, & Bjorklund, 1995) , and the cell number was counted by Image Pro Plus.
The fluorescence expression of Iba1 and GFAP was defined as the average intensity of glial scar area in MPTP-injected mice or the SN area in saline-injected mice, which was quantified by ImageJ.
| Isolation of the adult microglia and astrocytes in ventral midbrain
The isolated mouse ventral midbrains were grounded to pass to a 70 lm nylon cell strainer and then digested in a mixture of collagenase D 
| ELISA
The expression of TNF-a and IL-6 was measured by ELISA kit (eBioscience) in the cell supernatant following the vender protocol. Standard curve was made to quantify the concentration of TNF-a and IL-6 from different samples.
| Chromatin immunoprecipitation
Chromatin immunoprecipitation (ChIP) was performed as per the manufacturer's instructions (Millipore, min. To stop the reaction, the medium was rapidly replaced with cold EC buffer and followed by two washes, and 1 M NaOH was added to cells. The radioactivity was detected using a liquid scintillation counter.
For time course studies, the cells were incubated with 15 nM 
| Western blot analysis
Primary cultured microglia, BV2 cells and mouse brain tissues were harvested and lysed in a lysis buffer (50 mM Tris-HCl (pH 6.8), 2% sodium dodecyl sulfate, 1.5% DL-dithiothreitol, 10% glycerol, and 0.2% bromophenol blue). Immunoblot analysis was performed to measure the expression of target proteins with the antibodies (anti-OCT3 1:500, anti-DAT 1:800, anti-b-actin 1:2,000).
| Northern blot analysis
The RNA extracted from BV2 cells was loaded to a 15% denaturing polyacrylamide-urea gel and transferred to a Nytran nylon transfer membrane (Ambion, Austin, TX). The membranes were cross-linked and prehybridized for at least 1 hr with Ultra-Hybsolution (Ambion), followed by hybridization to the locked nucleic acid (LNA) digoxin 
| Statistical analysis
All data were presented as mean 6 SEM. Comparisons between groups for statistical significance were performed with student's t test or analysis of variance (ANOVA) with post hoc test in multiple groups by using GraphPad Prism 5.0. Results were considered significant difference at *p < 0.05; **p < 0.01; ***p < 0.001; #p < 0.05; ##p < 0.01; ###p < 0.001.
| R ESU L TS
| Microglia uptakes MPP 1 by OCT3
We initially investigated whether microglia can uptake MPP 1 and found that both the primary cultured microglia (Figure 1a ,b) and a been reported that DAT and OCT3 can transport MPP 1 into DA neurons and astrocytes (Bezard et al., 1999; Cui et al., 2009; Gainetdinov et al., 1997) . When microglia ( Figure 1C enzymes associated with inflammation (Simon, 1999; Vane et al., 1994) ,
were not different between these two groups (Figure 2b,c) . As astrocytes and neurons are also responsible for production of TNF-a and other cytokines (Forloni, Mangiarotti, Angeretti, Lucca, & De Simoni, 1997; Liu et al., 1994) , we assessed the MPP 1 potentiation of TNF-a production in these cells. However, mRNA level of TNF-a was not potentiated by MPP 1 in astrocytes or neurons (Figure 2d,e) . Moreover, 6-OHDA is also a selective catecholaminergic neurotoxin that induces DA neuron damage (Ungerstedt, 1968) . We thus treated microglia with 6-OHDA to explore the specificity of potentiation of TNF-a expression by MPP Therefore, MPP 1 specifically potentiated TNF-a production in microglia.
To study whether OCT3 was involved in the MPP 1 potentiation of TNF-a production, we introduced si-1050 into microglia and BV2 cells to knock down OCT3. The potentiation of TNF-a production by MPP 1 was not observed when OCT3 was knocked down in microglia and BV2 cells (Figure 2g and Supporting Information, Figure 2b ). Collectively, these results point to a possibility that MPP 1 was uptaken via OCT3 in microglia to potentiate the subsequent TNF-a production induced by LPS.
| Transcription of TNF-a is not affected by MPP
1
In the next attempt to study whether the MPP 1 potentiation of TNF-a production was due to the enhancement of its transcription activity, chromosome immunoprecipitation (ChIP) was conducted to evaluate the transcriptional activity of TNF-a promoter. By quantitative realtime PCR (qRT-PCR) analysis, we found that there was no difference in the level of TNF-a promoter pulled down by Polymerase II (Pol II) between MPP 1 with LPS group and LPS group (Figure 3a) . Furthermore, we constructed a luciferase reporter to monitor TNF-a promoter activity by inserting the mouse TNF-a promoter into the start of the gene of luciferase. In accordance with the result of Pol II immunoprecipitation, the expression level of luciferase was not changed after MPP 1 with LPS, compared to LPS alone (Figure 3b ). Together, these results are consistent with an explanation that increased level of TNFa mRNA by MPP 1 was not due to the enhancement in its transcriptional activity. It has been known that mRNA of TNF-a can be regulated by microRNAs (miRNAs) at post-transcription level (Guan et al., 2015; Tili et al., 2007; Zhang et al., 2012) . Therefore, we examined the role of miRNAs in MPP 1 potentiation of TNF-a production in microglia. We then performed small RNA sequencing to search miRNA candidates that could target TNF-a and be responsible for the MPP 1 potentiation of TNF-a production. After careful analysis, we found that mmu-miR-7116-5p, whose seed sequence could perfectly target to the 3 0 untranslated regions (UTR) of mouse TNF-a, was downregulated by MPP 1 (Figure   4a However, the level of miR-125b-5p, a miRNA known to target TNF-a mRNA (Guan et al., 2015; Tili et al., 2007) , was not affected by MPP 1 (Figure 5c and Supporting Information, Figure 4b ).
In addition, no difference was found in the level of miR-7116-5p in microglia incubated with 6-OHDA (Supporting Information, Figure 5 ).
Moreover, suppression of miR-7116-5p by MPP 1 was largely prevented when the OCT3 was downregulated by si-1050 in microglia and BV2 cells (Figure 5d and Supporting Information, Figure 4c ).
To investigate the regulation of miR-7116-5p in the mouse MPTP model, we studied the expression of miR-7116-5p in microglia 1 day and 3 days after MPTP administration, on which there is a notable activation of microglia (Brochard et al., 2009) . Microglia was sorted by crossing cluster of differentiation molecule 11B (CD11b) and CD45 antibodies staining from the single-cell suspension of ventral mesencephalon (VM) (Supporting Information, Figure 6a , b, and e). We found that miR-7116-5p level in microglia from the VM of the mice injected with MPTP was greatly reduced compared to that in microglia from the VM of the mice However, the DA neuronal loss in LSL-GFP-miR-7116 AAV-injected CD11b-Cre mice 7 days after MPTP was markedly prevented, compared to that in LSL-GFP-AAV-injected CD11b-Cre mice (Figure 6c ).
Collectively, all these results are consistent with an explanation that enhancement of miR-7116-5p expression suppresses the overproduction of TNF-a to reduce the inflammatory activation, which then prevents loss of DA neurons in the MPTP model.
| D I SCUSSION
Here, we report a novel mechanism by which MPP 1 potentiation of TNF-a production in microglia contributes to damage of DA neurons. . Although a series of miRNAs is found to inhibit TNF-a production in different cell types (Guan et al., 2015; Tili et al., 2007; Zhang et al., 2012) , miR-7116-5p in microglia is first identified as a miRNA targeting TNF-a in response to MPP 1 . Recently, in a clinical study of expression of miRNAs in PD patients, hsa-miR-542-3p was found significantly downregulated in the SN of 8 PD patients, compared with four healthy donors. Additionally, hsa-miR-542-3p might target human TNF-a as predicted by several bioinformatic tools, such as miRandola and TargetScan (Cardo et al., 2014) . In this context, it is possible that miRNA regulation of TNF-a production affects DA neuron survival in PD patients and in other animal models. It remains unclear how miR-7116-5p in microglia is downregulated. Reported studies have proposed that transcription-dependent or -independent mechanisms are involved in the regulation of miRNA levels (Winter, Jung, Keller, Gregory, & Diederichs, 2009; Zhang et al., 2015) . Clarifying the mechanism underlying the downregulation of miR-7116-5p by MPP 1 in microglia will help our understanding of the miRNA regulation of TNF-a production in PD
patients.
An important implication of the current findings is that a key inflammatory factor regulates consequent inflammatory responses contributing to the pathogenesis of PD. Here, the change in TNF-a expression well precedes the change in IL-1b, IL-6, iNOS, and COX-2 expression. Inhibition of TNF-a expression could almost abolish the consequent inflammatory responses and reduce neuronal damage.
Therefore, it suggests that inhibiting inflammation would be unsuccessful to protect DA neurons when exacerbated inflammation and irreversible neuron damage have occurred. Therefore, targeting the key inflammatory factor in early stage of pathogenesis of PD would probably be more effective. Indeed, the current preliminary evidence of clinical trials of neurodegenerative diseases such as Alzheimer's disease (AD) indicates that there is no beneficial effect to target inflammation in AD patients who have been with significant symptoms (McGeer & McGeer, 2007; Reines et al., 2004; Scharf, Mander, Ugoni, Vajda, & Christophidis, 1999) . Therefore, new and early strategies should be proposed to prevent neuron damage resulted from the inflammatory injury.
Collectively, our results point to a previously unknown role of microglia in uptaking MPP 1 and existence of an MPP 1 -miR-7116-5p pathway in microglia that specifically regulates TNF-a production to affect DA neuron survival. The demonstration of miR-7116-5p-dependent TNF-a production in microglia further expands our understanding of the diverse functions of microglia.
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